[1] Basaltic mare materials extruded between ∼ 4 Ga and ∼ 1.2 Ga ago and formed large expanses on the lunar nearside. In contrast to the maria, volcanic shields, domes, and cones also occur but cover only a small area of the total lunar surface. One specific type of dome is characterized (1) by steep slopes, (2) by a high albedo similar to lunar highlands, and (3) by a strong absorption in the ultraviolet. Because of this latter feature they appear spectrally red and therefore were termed red spots. Their morphology suggests that these domes were created by much more viscous, silica-rich lava. Also, red spots which are believed to be possibly volcanic in origin are associated with light plains materials. In order to constrain the formation of these presumed volcanic features in context with the formation of the surrounding mare and highland materials, we carried out (1) geologic and morphologic mapping of high-resolution Lunar Orbiter IV and Apollo 16 frames and (2) measurements of superimposed crater frequencies on geologic units in order to assess stratigraphy and geological history in the following two volcanic provinces in which red spots occur: (1) the Hansteen region, dominated by the dome Hansteen a (also known as the Arrowhead), and (2) the Helmet region, dominated by light plains, possibly of volcanic origin, such as the feature called the Helmet and Darney c, and the southern Montes Riphaeus. In the Hansteen region, the dome Hansteen a postdates craters Billy (3.88 Ga) and Hansteen (3.87 Ga) but predates most of the mare materials (3.51 Ga). Cratering model ages of the dome range from 3.74 to 3.65 Ga, placing its major activity as extending into the late Imbrian. In the Helmet region, presumed highland volcanism associated with red spots started in the Nectarian with Darney c (3.94 Ga). Cratering model ages measured on the Helmet light plains range from 3.8 to 2.08 Ga. The origin of these light plains and local resurfacing processes in this unit, however (highland volcanism or impact), remains an open question. Locally, younger processes of Eratosthenian or even Copernican age, such as emplacement of mare materials or mass wasting deposits, could be dated in the higher-resolution Apollo 16 frame.
Introduction
[2] Basaltic volcanism has shaped large parts of the lunar nearside throughout the Nectarian into the Copernican period, from ∼3.9 Ga ago until at least 1.2 Ga ago, lasting for approximately 2.7 Ga [Hiesinger et al., 2003] . For a small number of areas, even older (Nectarian/pre-Nectarian) volcanic units were described by Schultz and Spudis [1983] and Hawke et al. [2005] . During this entire time span, about 30% of the lunar nearside, but only 2% of the farside, were resurfaced by the emplacement of large volumes of lowviscosity, low-albedo, preferentially basaltic lava materials creating the dark mare regions [e.g., Head, 1976; Wilhelms, 1987; Head and Wilson, 1992] .
[3] In contrast to these vast expanses of the maria, positive surface features associated with volcanism, such as shields, domes and cones, occur but in total cover only a comparably small fraction of the lunar surface. Shields or domes, 3 to 17 km across and up to several hundred meters high were described and investigated in many areas within the mare regions [Head and Gifford, 1980] . All of these approximately 200 domes, which can be subdivided into seven distinct morphological classes, are of basaltic composition [Head and Gifford, 1980] .
[4] A second type of domes is associated with highlands and maria. This type is clearly distinct from the mare domes in terms of morphology and spectral properties. Domes of this type are characterized (1) by much steeper slopes, (2) by a high albedo similar to lunar highlands, and (3) by a strong absorption in the ultraviolet. Because of this latter feature they appear spectrally red and therefore where termed red spots [Malin, 1974; Wood and Head, 1975; . Also, these domes were created by much more viscous lava similar to, e.g., terrestrial dacites, basaltic andesites, or rhyolites [Wilson and Head, 2003; Hawke et al., 2003; Hagerty et al., 2006] .
[5] Generally, red spots show a much wider range in morphology and occur not only as domes, but also as smooth plains, shields, or rugged patches of highland material [Bruno et al., 1991; Hawke et al., 2002 Hawke et al., , 2003 . Several red spots are abundant near the mare/highland boundary in Oceanus Procellarum, Mare Imbrium, Mare Figure 1 . Locations of the Hansteen and Helmet regions in the southern part of Oceanus Procellarum. The location of the Gruithuisen region discussed in the paper by Wagner et al. [2002] is included for reference (dashed box). Also shown are the landing site locations of Apollo 12 (Ap12) (including the Surveyor 3 (S3) landing site), Apollo 14 (Ap14), and Apollo 15 (Ap15). Part of a mosaic composed of Galileo SSI images of the lunar nearside, obtained during its second Earth-Moon flyby in December 1992; image number PIA00405 (original mosaic in color), and image source is http://photojournal.jpl. nasa.gov.
Figure 2
Humorum and Mare Cognitum. The Gruithuisen and Mairan domes occur in northern Oceanus Procellarum Chevrel et al., 1999] . In southern Oceanus Procellarum and Mare Cognitum, the following red spots are observed [Wood and Head, 1975; Hawke et al., 2002 Hawke et al., , 2003 : (1) the dome Hansteen a; (2) a feature termed the Helmet (including plains and two massifs); (3) another set of plains, such as Darney c and t; and (4) the southern part of Montes Riphaeus. The locations of these red spots are shown in Figures 1, 2 , and 3.
[6] While wide expanses of low-silica basaltic mare lavas, especially on the nearside, were created over several hundred millions of years in lunar history [e.g., Schultz and Spudis, 1983; Wilhelms, 1987; Hiesinger et al., 2000 Hiesinger et al., , 2003 , volcanism producing lava with higher silica content were active at much shorter time intervals. Since these red spots will be major scientific targets in terms of volcanology, topography, and spectral behavior during ongoing and upcoming lunar missions, the motivation for the work in this paper was to provide the time-stratigraphic position and ages of these features and of their geologic context for further studies, using improved higher-resolution images and spectral data sets.
[7] The stratigraphy and ages of the Gruithuisen domes were discussed in an earlier paper by the authors [Wagner et al., 2002] . The work presented in this paper is focused Detail of a mosaic of the Hansteen region put together with Lunar Orbiter IV frames LO IV 149 H1-H3 and LO IV 156 H1-H3. Only frame LO IV 149 H2 was used for this work (indicated by a white outline in the mosaic and highlighted by a filled rectangle in the frame location diagram on the left). Numbered rectangles with black outlines refer to geologic type localities shown in detail in Figure 5 . on the red spots Hansteen a and the Helmet and their geologic context in southern Oceanus Procellarum and Mare Cognitum. The images used are high-resolution Lunar Orbiter frames, and, additionally, Apollo Hasselblad imagery for the Helmet region. The images were photogeologically mapped, based on albedo and surface morphology. In order to derive an age sequence, the crater size distribution of craters superimposed on the geologic units was measured. The application of the lunar impact chronology model by Neukum and Ivanov [1994] and Neukum et al. [2001] helps to constrain the timing and duration of volcanic events in these two areas. [8] Figure 1 shows a part of a global color mosaic (here represented in black and white) of the lunar nearside, obtained by the SSI camera aboard the Galileo spacecraft during its second Earth-Moon flyby in December 1992 [e.g., Belton et al., 1994a] . The locations of the Hansteen (Ha) and Helmet (He) study areas are indicated. For reference, the Gruithuisen region (Gr) (stippled) discussed by Wagner et al. [2002] has also been included.
Geographic and Geologic Setting of the Hansteen and Helmet Regions

Hansteen Region
[9] The Hansteen region is situated in southern Oceanus Procellarum approximately between latitude 0°S-20°S and longitude 30°W-60°W. A mosaic of Lunar Orbiter IV highresolution frames of the area is shown in Figure 2 . Geologic type localities discussed in section 4.1 and shown in detail in Figure 5 are indicated by black numbered rectangles in Figure 2 . More than half of the area shown in Figure 2 is covered by different units of highland (terra) materials, and the remaining part by mare materials of Oceanus Procellarum. Prominent craters in the Hansteen region are Mersenius (84 km), and Sirsalis D and E (35 km, 72 km). These latter two craters are degraded and almost entirely flooded by mare lava materials. Other prominent craters in this region are Fontana (31 km), the heavily degraded and mare-flooded Zupus (38 km), and Hansteen and Billy in close proximity to the dome Hansteen a, both with a diameter of 45 km. These two craters are centered at latitude/longitude 11.5°S/52°W and 13.8°S/50.1°W, respectively. Straight rilles such as Rimae Sirsalis also occur in the Hansteen region. They are graben and most likely were created by tectonic stresses following the formation of the Procellarum or Imbrium basin [e.g., Wilhelms, 1987; Head, 1979, 1980] .
[10] The volcanic dome named Mons Hansteen or Hansteen a on U.S.G.S. maps is centered at latitude 12.1°S and longitude 50°W. The feature is reminiscent of an arrowhead and therefore is often referred to as the Arrowhead [e.g., Hawke et al., 2003] . The Hansteen a dome is about 20 to 30 km across and comparable in size to the Gruithuisen domes. Hawke et al. [2003] interpreted Hansteen a to have been formed by extrusion of relatively viscous lava materials, most likely of dacitic or rhyolitic composition, at low effusion rates.
[11] From spectral data provided by Clementine it was inferred that the dome material has a low FeO and TiO 2 content . Since the two larger craters Hansteen and Billy surrounding the Hansteen dome are enriched in these two species, they are older than the dome because otherwise ejecta material would have been emplaced on the dome . Recent measurements of the Th abundance using data of the LP-GRS instrument confirmed earlier findings by Hawke et al. [2003] , based on morphology and composition, that Hansteen a is composed of viscous, silicic lava material enriched in thorium Hagerty et al., 2006] .
Helmet Region
[12] The Helmet region, alternatively termed Herigonius region [Bruno et al., 1991] , is shown in a mosaic of two Lunar Orbiter IV frames in Figure 3 . The area covered in this mosaic ranges from latitudes 8°S to 21°S and longitudes 24°W to 40°W. Mare materials are the dominant geologic unit in this region [Whitford-Stark and Head, 1980; Hiesinger et al., 2003] . The major part of the mare areas are Oceanus Procellarum units. Units of Mare Cognitum are located in the northeastern part of the mosaic, and a part of Mare Humorum is in the southwestern part. Mare units are characterized by prominent wrinkle ridges and sinuous rilles, especially in Oceanus Procellarum.
[13] The largest crater in this area is Gassendi (101 km diameter) with a prominent central peak massif and floor fracture patterns. A younger, smaller crater, Gassendi A (33 km), is superimposed on its northern rim. Other prominent craters with diameters of several tens of kilometers (such as Lubinietzky A and E (30 and 37 km), and Agatharchides, 48 km) are heavily degraded and almost entirely flooded by mare lavas.
[14] Highland (terra) materials, like most large craters, are embayed by mare lava materials. Ejecta from the Humorum basin were interpreted to be the origin for most of the terra materials [Titley, 1967] . Humorum, a basin of Nectarian age, centered at latitude 24°S, longitude 37°W, has a maximum diameter of 1195 km, with the main ring representing the crater rim at a diameter of 425 km [Pike and Spudis, 1987; Wilhelms, 1987; Spudis, 1993] . Other terra units in the Helmet region originate from Imbrium ejecta units, such as Montes Riphaeus (see Figure 3 ) which are part of a degraded large crater 191 km in diameter [Hawke and Head, 1977] . The southern part of Montes Riphaeus is characterized by a strong ultraviolet absorption and hence represents a red spot [Wood and Head, 1975] .
[15] Several landforms, mainly plains and massifs, associated with red spots in this area are shown in Figure 3 . The largest of these is the feature named the Helmet because of its similarity with an upside-down helmet [e.g., Hawke et al., 2003 ]. The feature is indicated by a rectangle (labeled 7) in Figure 3 and shown in detail in Figure 4 . The Helmet, centered at latitude/longitude 17°S, 30°W and about 40 to 50 km across, consists of at least three geologic units, incorporating two massifs named Herigonius h and p less than 10 km across [Wood and Head, 1975; Bruno et al., 1991] (see section 4.5).
[16] The area southeast of Montes Riphaeus in Mare Cognitum and north of crater Darney C (top right corner in Figure 3 ) features a set of plains and groups of hills. Darney c is a light plains unit 15 to 20 km across with an approximately elliptical outline [Wood and Head, 1975] . Darney t (to the west and southwest of Darney c) is a group of hills rather than a single shield or dome [Hawke et al., 2001] .
Image Database and Processing
[17] The Hansteen and Helmet regions were imaged at high resolution by the camera onboard the Lunar Orbiter IV spacecraft. In addition, Apollo 16 Hasselblad images are available for part of the Helmet region. The Hansteen region was covered by frame numbers LO IV 149 and LO IV 156 (H1-H3), as shown in Figure 2 . The investigation was confined to frame LO IV 149 H2 which encompasses the major geologic units in that area. Latitudes of frame LO IV 149 H2 range from 10°S to 20°S, and longitudes range from 45°W to 53°W. The Helmet region was imaged by two frames in the LO IV mission, 132 H2 and 137 H2 shown in Figure 3 . Both frames cover an area approximately between 12°S and 22°S latitude, and 29°W and 40°W longitude.
[18] In some parts of the Lunar Orbiter frames, which were used for this study, image quality is significantly reduced. This is caused by groups of circular blemishes created during the photographic development of the frames onboard the Lunar Orbiter spacecraft, especially in frame LO IV 149 H2. These areas were mapped as unclassified units and excluded from crater counts. Another factor reducing image quality is overexposure or underexposure. Highland units in frames LO IV 132 H2 and 137 H2 suffered most from such overexposure, while a part of Mare Humorum seen in LO IV 137 H2 is significantly underexposed. Similarly, these areas were not used for crater counts and mapped as unclassified units.
[19] A Lunar Orbiter frame is subdivided into a number of individual framelets from top to bottom which are separated by horizontal stripes. A detailed description of imaging of the lunar surface by Lunar Orbiter and of the properties of Lunar Orbiter images is given by Mutch [1972] . It is possible to scan each LO photograph and remove these stripes cosmetically by image processing techniques. However, this procedure causes loss in image resolutions and therefore was not applied here [e.g., Wagner et al., 2002] . The smallest features which can be recognized in the LO photographs of the Hansteen region are on the order of 100 to 200 m. Spatial resolutions of Lunar Orbiter frames can be derived from navigational data by Anderson and Miller [1971] .
[20] During the Apollo 16 mission in May 1972, 2808 black and white and color images were obtained with 70 mm film width Hasselblad Data Camera (HDC) onboard the command module (CM) in orbit around the Moon. The Helmet feature was covered by the color frames AS16-119-19124 to AS16-119-19138 from Magazine 119 RR. Unfortunately, the Helmet feature was imaged under oblique viewing angles. We chose frame AS16-119-19128 for mapping and crater counts. The frame was taken from an altitude of 119 km, is centered at latitude 16.6°S, longitude 31.4°W, and shows the entire Helmet feature.
[21] Apollo Hasselblad frames are available in digital form. The data source for the Apollo 16 frame used here is www.lpi.usra.edu/resources/apollo/frame/? AS16-119-19128 . In order to be used for mapping and crater counts, the Hasselblad frame was geometrically registered to a Lunar Orbiter mosaic. Recently, digital Lunar Orbiter mosaics were made available by U.S. Geological Survey and PDS on www.mapaplanet.org/explorer/moon.html [Becker et al., 2008] . Mosaic tiles covering a specific area can be downloaded in a specific map resolution from this site. Such a product was used as a context for the registration of the Apollo Hasselblad frame.
[22] The smallest craters which can be discerned on the two Lunar Orbiter frames LO IV 132 H2 and 137 H2 of the Helmet region are on the order of 200-300 m. We therefore chose a map resolution of 250 m/pixel for the digital Lunar Orbiter mosaic to be downloaded. The mosaic originally in cylindrical equidistant (rectangular) projection was reprojected into a Mercator projection with the same scale. Conformal map projections preserve circular landforms as circles and hence are generally used in crater counts. The digital Apollo 16 Hasselblad frame was geometrically registered to this Lunar Orbiter mosaic. Prior to the registration, the Lunar Orbiter mosaic was sized up to a scale of 20 m/pixel. The original (horizontal) image resolution of the digitized Apollo 16 frame AS16-119-19128 is approximately 12 m/pixel. Because of the oblique viewing condition, image scales at a right angle to the camera viewing direction (horizontal scale) and in the viewing direction (vertical scale) differ by about a factor of 1.5 to 2. To avoid negative effects, e.g., oversampling, while stretching the image considerably in one direction due to this scale difference, we reduced the original horizontal scale to 20 m/pixel. Even at this reduced scale, however, crater rims are still difficult to locate, especially near the resolution limit. The Mercator-projected Apollo 16 frame in the context of Lunar Orbiter is shown in Figure 4 .
Geologic Units
Photogeologic Mapping
[23] Geologic units were compiled using (1) albedo and (2) morphology [Wilhelms, 1990 ; see also Wagner et al., 2002] . The Hansteen and Helmet regions are incorporated in six geologic maps which were used as references. The Hansteen region is included in four lunar quadrangles of the 1:1,000,000-scale Lunar Base Chart series (LAC) which abut at 16°S latitude and 50°W longitude. This intersection point is located approximately 40 km south of the rim of crater Billy which is centrally transected by the 50°W meridian. These four quadrangles, clockwise from northwest to southwest, are the Grimaldi Quadrangle (LAC 74), mapped by McCauley [1973] (map I-740), the Letronne region (LAC 75) by Marshall [1963] (map I-385), the Mare Humorum region (LAC 93) by Titley [1967] (map I-495), and the Byrgius Quadrangle (LAC 92) by Wilshire [1973] (map I-755). The two eastern map quadrangles (LAC 75/ I-385 and LAC 93/I-495) of this set also include the western part of the Helmet region. Further, the northeastern part of the Helmet region is incorporated in the Riphaeus Mountains region (quadrangle LAC 76), mapped by Eggleton [1965] (map I-458), and the southeastern part in the Pitatus region (LAC 94) by Trask and Titley [1966] (map I-485). These four quadrangles intersect at 16°S latitude and 30°W longitude, a point approximately at the northeastern boundary of the Helmet feature. A further important reference is the geologic map of the lunar nearside at a map scale of 1:5,000,000 by Wilhelms and McCauley [1971] . In cases where it seemed appropriate, the units in these maps were changed or modified for measuring the superimposed crater frequency. Also, both regions were covered in multispectral and stratigraphic analyses of mare basalts by Hiesinger et al. [2003] , using Lunar Orbiter images for crater counts.
[24] For each geologic unit, a characteristic type area was identified. The locations of these areas are indicated by black numbered rectangles in Figures 2 and 3 and are shown in detail in Figure 5 . Type areas can be used to identify the same unit in different locations of a mapping area. Photogeologic units are considered as three-dimensional bodies of rock with limited vertical and horizontal extent even if their vertical dimensions (thicknesses) cannot be inferred from the images used for mapping. Also, the units are considered as materials or deposits to underline their compositional properties and stratigraphic relationships. According to U.S. Geological Survey mapping conventions and recommendations, the term "terrain" is not used here [e.g., Wagner et al., 2002] .
[25] Measurements of superimposed crater frequencies discussed further in section 5 help to derive and establish a stratigraphic column for a given mapping area. Also, the assignment of a specific geologic unit to the lunar timestratigraphic system, established by Shoemaker et al. [1962] , McCauley [1967] , and Stuart-Alexander and Wilhelms [1975] (summarized by Wilhelms [1987] ), is based on this procedure. Abbreviations for geologic units consist of letter symbols with up to four characters [Wilhelms, 1990] . An uppercase character at the beginning designates the timestratigraphic system (e.g., "I" for a unit of the Imbrian system). A lowercase shorthand annotation designates the characteristics of a specific geologic unit (e.g., "Em" for mare material of the Eratosthenian system). Figures 5 and 6 show type locations of the major geologic units described below.
Highland Materials 4.2.1. Hansteen Region
[26] Typically, highland or terra materials in the Hansteen region, shown in Figure 5 (area 1), are bright and are characterized by a rugged, hilly or hummocky, furrowed morphology. In the geologic maps by McCauley [1973] and Wilshire [1973] , this unit was mapped as hilly and furrowed material, Ihf, and assigned to the Imbrian system. Marshall [1963] assigned this unit named regional material, Ir, to the Imbrian system. On the other hand, Titley [1967] identified a pre-Imbrian terra material unit which he termed Vitello Formation (pIv). McCauley [1973] and Wilshire [1973] interpreted their unit Ihf as volcanic material, possibly including pyroclastic deposits. This interpretation is also given for the same unit in the geologic map of the lunar nearside by Wilhelms and McCauley [1971] . In the maps by Figures 2 and 3 (rectangles) . Here 1, bright, rugged highland material (small mare patches outlined by dotted line); 2, dark mare materials associated with bright, smoother variety of highland materials; 3, crater materials of Billy; 4, crater materials of Mersenius S; 5, crater materials of Hansteen; 6, dome Hansteen a, with rims of craters Billy (bottom) and Hansteen (top left) marginally shown; 7, plains and massifs of the Helmet. Further explanation is given in text. Marshall [1963] and Titley [1967] , units Ir or pIv are interpreted as ejecta materials from Imbrium and Humorum basins. McCauley [1973] mapped an area south of Hansteen crater as radial outer rim material, Irr 2 , of crater Hansteen. In contrast, the unit in this area was mapped as undivided terra material, It, by Wilhelms and McCauley [1971] . In total, correlation of terra material units and comparison with terra units defined in all these maps are difficult because Wilshire [1973] (map west of 50°W longitude) and Titley [1967] (map east of 50°W longitude) had identified completely different units on either side of their common quadrangle boundary.
[27] A second variety of terra material is less rugged and shows a slightly darker, smooth to gently sloped surface. The type area, located approximately 100 km east of crater Hansteen, is shown in Figure 5 (area 2), with the boundary to dark mare materials outlined in black. In the map by Marshall [1963] , there is no difference between the two varieties, and both were mapped as regional material, Ir. Mustard and Head [1996, and references therein] reported the presence of cryptomaria in southwestern Oceanus Procellarum which might be a possible explanation for the lower albedo and morphology of this unit.
Helmet Region
[28] Terra materials are less abundant in the two Lunar Orbiter frames covering the Helmet region ( Figure 3 ). They can be mapped in the vicinity of crater Agatharchides, and east of crater Gassendi. Due to the lower image quality, they could not be used for crater counts and were mapped as an unclassified unit.
Mare Materials 4.3.1. Hansteen Region
[29] In both the Hansteen and Helmet region, mare materials are easily distinguished by their low albedo and topography which appears smooth at Lunar Orbiter resolution. In the Hansteen region, mare materials of Oceanus Procellarum embay terra units or older crater materials, like Hansteen or Billy [Whitford-Stark and Head, 1980] . The type locality of mare materials, featuring linear to arcuate wrinkle ridges trending approximately north-south, is shown in detail in Figure 5 (area 2). Mare materials also fill crater floors, such as crater Billy ( Figure 5 , area 3), or heavily degraded craters (white dotted outline in Figure 5 (area 1)). Some craters, e.g., Sirsalis E (Figure 2 ), are characterized by islands of crater rims embayed and breached by mare materials which totally covered crater floor and ejecta. At smaller map scale, Wilhelms and McCauley [1971] assigned Eratosthenian ages to most of the mare materials and mapped them as unit Em. Marshall [1963] still used the now obsolete chronostratigraphic Procellarian system to define the stratigraphic position of the mare materials northeast of Billy and on the Billy crater floor (unit Pm).
[30] Hiesinger et al.
[2003] carried out multispectral analyses of mare basalts using color data of the Clementine UVVIS camera which has a wavelength range from 0.4 to 1 mm, and dated 60 spectrally distinct basalt materials in Oceanus Procellarum by crater counts. According to their analysis, all mare materials in the Hansteen region (except the mare fill in crater Billy) are incorporated in spectral unit P24. This unit, covered by several basalt types, such as type hDSA and hDSP in the classification by Pieters [1978] , is characterized by a high (h) UV/VIS ratio in Clementine color data, a dark (D) albedo, a strong 1 mm absorption (S), and an attenuated (A) to prominent (P) 2 mm absorption. The mare fill of crater Billy is of spectral unit P54 in the Hiesinger et al.
[2003] study and was mapped as "undivided" basalt type by Pieters [1978] .
Helmet Region
[31] Mare materials of Oceanus Procellarum and Mare Humorum are the spatially most abundant units in the Helmet region ( Figure 3 ). Wrinkle ridges and sinuous rilles are additional characteristics seen in this area. Where necessary, we subdivided mare materials further according to visible differences in crater frequency and/or different albedo. In the area between craters Gassendi and the Helmet, we used the same mare unit boundaries as defined by Titley [1967] . As for mare materials in the Hansteen region, Wilhelms and McCauley [1971] assigned Eratosthenian ages to most of the mare materials (unit Em).
[32] In the analysis by Hiesinger et al. [2003] , mare materials in the Helmet region were classified as spectral units P17 and P27. Spectral unit P17, like unit P24 in the Hansteen region, corresponds to an hDSP basalt type in the classification by Pieters [1978] . Spectral unit P27 was classified as "undivided" by Pieters [1978] .
Crater Materials 4.4.1. Hansteen Region
[33] Craters of all diameters and various degrees of degradation occur in both areas. Only those large enough to measure their superimposed frequency of smaller craters on continuous ejecta and/or crater floor were mapped in detail. Crater Billy ( Figure 5 , area 3) displays a slightly subdued rim and continuous ejecta, which are embayed by younger mare material. Also, the floor of this crater is completely filled with mare material. McCauley [1973] assigned an Imbrian age (units Icr 1 and Icw 1 for rim and wall material) to this crater, while the mare fill on the crater floor was interpreted as Eratosthenian. The 15 km crater Mersenius S ( Figure 5 , area 4) also has a sharp rim crest. This crater is of the so-called simple type, characterized by a bowl-shaped interior with little or no modification [Melosh, 1989] . Continuous ejecta can be mapped outward to about one crater diameter from the rim. According to Titley [1967] , this crater is of Copernican age. Other large craters feature a fresh to slightly subdued rim but a modified interior, such as crater Hansteen ( Figure 5 , area 5). Some part of the floor is tectonically deformed, indicated by concentric fractures. From analyzing floor-fractured lunar craters, Schultz [1976] and Dombard and Gillis [2001] concluded that concentric and radial fractures on crater floors were created by sill or laccolith intrusions beneath the crater. Another part of the Hansteen floor was covered by mare material. Like Billy, Hansteen is of Imbrian age (units Icr 2 and Icw 2 ) with an Eratosthenian age mare filling (unit Em) according to McCauley [1973] .
Helmet Region
[34] In the Helmet region only two craters could be selected for age dating, Gassendi and Gassendi A. The timestratigraphic position of the large crater Gassendi which, like Hansteen, shows a fractured floor (Figure 3) , is Imbrian or possibly pre-Imbrian [Titley, 1967] . The stratigraphic position of the smaller, fresh-looking crater Gassendi A on the northern rim of Gassendi is not quite clear. According to Marshall [1963] , Gassendi A is Imbrian or Eratosthenian (unit EIr). Titley [1967] assigned a much younger Copernican age to this crater.
Volcanic Dome and Plains Materials 4.5.1. Hansteen Region
[35] The dome Hansteen a, termed the Arrowhead, is located close to the rims of craters Hansteen and Billy ( Figure 5 , area 6). Its size is comparable to the Gruithuisen domes, but, in contrast to these landforms, the Hansteen dome has a flat summit region reminiscent of a mesa. Also, the summit surface as well as the flanks appear much more rugged (or "hackly," to quote McCauley [1973] ) than the Gruithuisen domes. Elliptic crater-like features occur on the southwestern part of the dome and were interpreted as probable volcanic vents [McCauley, 1973] . The Hansteen dome was mapped as a single dome material unit by McCauley [1973] , who interpreted it as a volcanic construct that formed in the Eratosthenian or even Copernican period (unit designation: CEd) because the dome appears to be emplaced on top of Eratosthenian mare units. Wood and Head [1975] presented a different stratigraphic position: according to their interpretation, Hansteen a is embayed by younger mare material around it. In the geologic map by Marshall [1963] , no distinction was made between the dome and a widely abundant, more or less undivided terra unit called regional material (Ir) of possible impact ejecta origin.
[36] Based on Clementine UVVIS images, Hansteen a is characterized by a distinctive difference in both FeO and TiO 2 content compared to surrounding mare and terra units . Mare units have high abundances in both species (> 16% and > 4%, respectively; percentages given in wt %) while ejecta of craters Billy and Hansteen are lower, but still more or less rich, in FeO and TiO 2 . For the Hansteen dome, Hawke et al. [2003] reported much lower FeO and TiO 2 abundances (5%-9% and < 1%, respectively). The authors also concluded that the Hansteen dome was created by extrusion of evolved, viscous lava material. Further evidence for evolved lava material comes from data of the Gamma Ray Spectrometer onboard the Lunar Prospector spacecraft. Lawrence et al. [2005] and Hagerty et al. [2006] refined earlier measurements of LP-GRS Thorium abundances (by, e.g., Hawke et al. [2003] ) and constrained the Th content to approximately 20 ppm. Combining these results with compositional evidence by Hawke et al.
[2003], Hagerty et al. [2006] were able to confirm an evolved, silicic, Th-rich lithology for Hansteen a.
Helmet Region
[37] The landform termed the Helmet is morphologically and geologically more complex. At Lunar Orbiter image resolution, three distinct units were identified by Wilhelms and McCauley [1971] and Wood and Head [1975] : bright, relatively smooth plains, bright, hummocky material, and two massifs termed Herigonius h and p. The type locality in frame LO IV 132 H2 is shown in Figure 5 (area 7). Wilhelms and McCauley [1971] mapped the hummocky material as hilly and furrowed terrain (Ihf) and the light plains as an undivided terra unit (It), both units of Imbrian age. They designated the northern massif on the Helmet as an Imbrianaged dome (Id), possibly of volcanic origin.
[38] Bruno et al. [1991] conducted spectral analyses of several lunar red spots, including the Helmet, using the 2.24 m telescope of the Mauna Kea Observatory in a wavelength range from 0.29 mm to 0.82 mm. We used their geologic map of the Helmet as a reference to map geologic units and areas of measurements for crater counts. The authors identified five geologic units (craters excluded) on the Helmet in image LO IV 132 H2: (1) dark mare materials surrounding the Helmet feature, (2) an intermediate-albedo mare material in the eastern part of the Helmet, (3) a light plains material unit, (4) a hummocky material unit (hummocky terrain in their terminology), and (5) the two massifs Herigonius h and p. For crater counts on image LO IV 132 H2, we combined the light plains, hummocky material and intermediate mare as an undivided unit because the measurement area is small and the image quality is comparably low (shadows and bright, almost saturated areas), which inhibits the location of crater rims. We then used the Apollo 16 high-resolution Hasselblad image ( Figure 4 ) and defined areas of measurement for crater counts within each of the geologic units mapped by Bruno et al. [1991] . These areas are shown in more detail in Figure 6 .
[39] The spatially most abundant units on the Helmet are light plains and hummocky material (terrain) [Wood and Head, 1975; Bruno et al., 1991] . The boundary between light plains and hummocky material cannot everywhere be well defined. We selected three areas of measurement in the light plains unit, labeled lp in Figure 6 , characterized by a smooth surface well suited for crater counts. Crater frequencies vary across the hummocky material, showing areas with a high frequency of larger, kilometer-sized craters, and areas with a low frequency of craters at all sizes. Therefore, hummocky material could consist of several units created, or affected, by different geologic processes at different times. Two areas of measurement in the hummocky material near the massif Herigonius h were selected for crater counts which are characterized by a low crater frequency, possibly reflecting mass wasting processes along the slopes of the massif. One of these areas is shown in Figure 6 (labeled ht). In the westernmost part of the Helmet, Bruno et al. [1991] identified an intermediate-albedo mare unit that shows a gradational boundary to the surrounding darker mare materials in the lower left part of the Helmet. The area of measurement within this unit is labeled as im in Figure 6 . Elongated craters and clusters of craters across the Helmet, indicated by black arrows in Figure 6 , can be interpreted as secondary craters and were excluded from crater counts in the Apollo 16 image as well as in the Lunar Orbiter data, as far as they can be discerned on frame LO IV 132 H2.
[40] The two massifs on the Helmet, Herigonius h and p, are approximately north-south elongated conical hills with steep slopes. Herigonius p actually consists of two hills, with the eastern hill being more prominent and higher. Unlike Hansteen a or the Gruithuisen domes, the Herigonius massifs lack a flat summit region which could accumulate enough craters to be used to date the domes. Some craters are present, but most of them have been lost due to the steep slopes.
[41] Spectral data obtained by Bruno et al. [1991] with the 2.24 m telescope at the Mauna Kea Observatory showed that the two massifs, the hummocky terrain and the light plains have a downturn both in UV as well as in the IR, and that this effect is strongest for the two massifs. Therefore, the Helmet in total has the spectral signature of a red spot. Both massifs could be volcanic in origin, or are remnants of older highland material embayed by bright plains and mare materials [Wilhelms and McCauley, 1971] . Bruno et al. [1991] found that the spectrum of the unit mapped as intermediatealbedo mare is also intermediate between the spectra for light plains and hummocky material on one hand, and the dark mare materials on the other hand.
[42] Dark mare materials (labeled m in Figure 6 ) surround the Helmet feature (see also description in section 4.3.1). The mare materials are generally characterized by a larger number of small impact craters with local variations in crater density, although there are no clear-cut geologic boundaries between areas of varying crater densities. Bruno et al. [1991] found the spectra of the mare materials to be "blue," consistent with earlier findings [e.g., Pieters, 1978] . We mapped mare materials in the Apollo 16 Hasselblad frame according to the units mapped in Lunar Orbiter context but used subareas within each unit for crater counts devoid more or less of secondary craters.
[43] More red spots in the Helmet region are located in Mare Cognitum and are shown in Figure 3 . Darney c is a smooth plains unit, and Darney t is a set of hills or massifs [Wilhelms and McCauley, 1971; Hawke et al., 2002] . Only Darney c could be used as an area of measurement for crater counts. These features were mapped as Imbrian-aged plains (Ip) by Wilhelms and McCauley [1971] and interpreted as possible volcanic features. Montes Riphaeus is a 170 km long arc of a degraded impact structure whose southern part represents a red spot [Wood and Head, 1975] . Crater counts could not be carried out because the image quality in the part of frame LO IV 132 H2 showing southern Montes Riphaeus is not sufficient.
Crater Size-Frequency Distributions and Derivation of Surface Ages
[44] The method of counting craters as an important tool in planetary stratigraphy is based on the fact that the frequency of impact craters superimposed on a given geologic unit is directly correlated with geologic time: the higher the frequency, the higher the age because of the longer exposure time to the incoming flux of projectiles [e.g., Öpik, 1960; Baldwin, 1964; Neukum et al., 1975; Hartmann et al., 1981] . A crater distribution where no equilibrium has been reached between preexisting craters on the surface and newly formed ones is in production and reflects the sizefrequency distribution of projectiles which were responsible for the crater production [e.g., Neukum and Dietzel, 1971; Neukum, 1983; Neukum and Ivanov, 1994] . For this case only, age determinations by crater frequency measurements are possible.
[45] Methods and procedures of how to use crater counts for age dating of geologic units have been described in detail in a series of papers [e.g., Shoemaker et al., 1962; Neukum et al., 1975 Neukum et al., , 2001 Arvidson et al., 1979; Hartmann et al., 1981; Neukum, 1983; Strom and Neukum, 1988; Neukum and Ivanov, 1994] . Here, we briefly review the method (e.g., as described by Wagner et al. [2002] and Hiesinger et al. [2000 Hiesinger et al. [ , 2003 ). We included an additional section (section 5.4) in this work focusing on the role of secondary versus primary cratering at small crater sizes, by which the dating method using small craters at high spatial image resolution could be strongly affected, primarily reviewing results by Werner et al. [2006] .
Measurement Procedure
[46] A Zeiss stereocomparator of type PS2K was used for all measurements of crater size distributions on transparencies with the map boundaries of the units to be counted (e.g., see description by Wagner et al. [2002] ). For each Lunar Orbiter frame, the image scale can be derived from navigational data given by Anderson and Miller [1971] . Distances are measured in micrometers and transferred to kilometers (or square kilometers for areas) using these data.
[47] The crater size-frequency distribution is measured in two steps [Wagner et al., 2002] : In the first step, the area of each unit is measured by approximating its outline through a polygon with a sufficient number of anchor points, in order to derive the area in km 2 . In this step, smaller areas of one geologic unit, located within another unit (e.g., mare patches in highland materials) can be combined into one measurement. Conversely, a spatially large geologic unit can be subdivided into subareas which are measured one at a time to be summed up later. A further important feature in this step is the exclusion of areas within a given geologic unit, e.g., areas containing many secondary craters.
[48] The second step is the measurement of crater diameters. A diameter is measured either in left-right or updown mode, or by placing the cursor along the points most likely representing the crater diameter, especially in the case of oblong crater shapes. The maximum error in measuring a crater diameter in the Zeiss stereocomparator is on the order of less than 2% [Neukum et al., 1975; Neukum, 1983] . Crater diameters in a size-frequency distribution are binned in a semilogarithmic grid with 18 bin diameters in each size range (…, 0.1-1 km, 1-10 km, …) [Neukum et al., 1975; Arvidson et al., 1979; Neukum, 1983] . For each frequency associated with a specific bin diameter, a 1-s confidence interval is determined. For a graphical representation of crater frequency in log-log diagrams (crater frequency versus crater diameter) we preferentially use the cumulative crater size-frequency distribution showing the frequency equal to, or greater than, a specific crater diameter [Arvidson et al., 1979] . In order to compare crater frequencies of different geologic units, each frequency is taken at a given reference diameter, generally at 1 km [e.g., Arvidson et al., 1979; Neukum, 1983; Neukum and Ivanov, 1994] .
Lunar Production Distribution
[49] Lunar crater size distributions, measured on geologic units of various ages, can be fitted by a single polynomial of eleventh degree which represents the time-invariant socalled lunar production function [Neukum, 1983; Neukum and Ivanov, 1994; Neukum et al., 2001] . This polynomial has a complex shape where the cumulative slope a varies with diameter (N cum ∼ D a (D) ). For the cumulative crater frequency distribution, the polynomial is described by
(note: in the work by Wagner et al. [2002] , this formula was incorrectly stated). The term a 0 represents the time that has passed since the formation of the surface on which the crater distribution was measured. As discussed by Wagner et al. [2002] , two versions of production polynomials exist for the Moon, an older one by Neukum [1983] and Neukum and Ivanov [1994] , and an updated version by Neukum et al. [2001] , here referred to as LPF01. The updated version LPF01 is the current standard, was used by, e.g., Wagner et al. [2002] and Hiesinger et al. [2003] and is also used for this work. The shape of the lunar production function polynomial, with a steep slope at small sizes and a wavy structure with bumps at larger sizes (>10 km) reflects the size-frequency distribution of Main Belt asteroids (MBAs) which are the major impactor source on inner solar system bodies [Neukum, 1983; Strom and Neukum, 1988; Neukum and Ivanov, 1994; Durda et al., 1998; Neukum et al., 2001] . The role of comets is not known but it is believed that their contribution is less than 10%-15% on the Moon and on the terrestrial planets Hartmann and Ivanov, 2007] .
[50] To obtain relative ages, the lunar production function polynomial is fitted by least squares to a crater size-frequency distribution measured on a specific geologic unit. The crater retention age of the geologic unit is given by the cumulative frequency equal to, or greater than, at a reference diameter, generally 1 km (and 10 km). By fitting the lunar production function polynomial to a measured crater distribution, a cumulative frequency at 1 km can be obtained regardless if craters of this size are abundant on the measured unit. The term crater retention age was introduced by Hartmann [1966] in order to indicate that a measured crater frequency on a given geologic unit reflects (1) both the formation time of the underlying surface and (2) partial (or even complete) removal of craters by subsequent processes, such as erosion or degradation.
Lunar Impact Chronology Model and the Derivation of Absolute Ages
[51] A cratering chronology model for the Moon was derived by correlating radiometric ages of rock and soil samples collected during the Apollo and Luna missions with associated crater frequencies of the geologic units where these samples were taken [e.g., Neukum, 1983; Neukum and Ivanov, 1994; Neukum et al., 2001; Hiesinger et al., 2000 Hiesinger et al., , 2003 Stöffler and Ryder, 2001; Wagner et al., 2002; Hartmann and Ivanov, 2007] . To derive absolute ages for geologic units, we use the lunar cratering chronology model described by the following function [Neukum, 1983; Strom and Neukum, 1988; Neukum and Ivanov, 1994] : [Wetherill, 1975] .
[52] The lunar stratigraphic system is based on major impact events which formed, from oldest to youngest, the basins Nectaris, Imbrium and Orientale, and craters Eratosthenes and Copernicus [Wilhelms, 1987, and references therein] . These events were used to define time-stratigraphic systems, from bottom (oldest) to top (youngest) pre-Nectarian, Nectarian, Imbrian, Eratosthenian, and Copernican [e.g., Wilhelms, 1987] . The Imbrian system is further subdivided into a lower and an upper Imbrian series, separated by ejecta deposits and impact melt of the Orientale impact event emplaced at the top of the lower Imbrian series [Wilhelms, 1987] . Using rock materials collected during the Apollo missions, these impact events can be dated radiometrically [e.g., Stöffler and Ryder, 2001] , and the lunar time-stratigraphic systems can be assigned chronologic periods corresponding to the time-stratigraphic systems, with the Imbrian period being subdivided into an early and late Imbrian epoch (corresponding to lower and upper Imbrian series) [Wilhelms, 1987] . However, there is no unique solution in deriving radiometric ages for these basins. Since Apollo rock samples show several peaks in radiometric ages indicative of several impact events which were recorded in the data, there are two different ways to constrain a major impact event. One way is to use the youngest radiometric age in a given rock sample to characterize a major impact event [e.g., Jessberger et al., 1977; Stöffler and Ryder, 2001] . A second way is to use the radiometric "peak age" (i.e., the one with the highest occurrence) measured in a rock sample to define the major basin-forming event because younger events recorded in these data could have contributed to complete melting and thus would have reset the radiometric clock, in addition to the major impact [Wetherill, 1981; Neukum, 1983; Neukum and Ivanov, 1994] .
[53] The Nectaris basin could be dated with rock materials collected in the Descartes region at the Apollo 16 landing site [Stöffler and Ryder, 2001 Jessberger et al., 1977; Deutsch and Stöffler, 1987] ). Neukum [1983] and Neukum and Ivanov [1994] interpreted a peak age at 3.91 ± 0.1 Ga in rock samples collected at the Apollo 15 landing site as representative for the age of Imbrium.
[55] Orientale is the youngest lunar multiring basin, separating the early and late Imbrian epochs [Wilhelms, 1987; Spudis, 1993] . No rock samples were collected at the Apollo landing sites that could be attributed to the Orientale impact. The age of Orientale can only be determined by crater counts on its continuous ejecta. Wilhelms [1987] gives a range of 3.85 Ga (age of Imbrium) to 3.72 Ga (ages of late Imbrian basalt superimposed on Orientale materials) and presents a best estimate of 3.8 Ga for the Orientale age. Stöffler and Ryder [2001] discuss the age of Orientale to be on the order of 3.75-3.72 Ga while Neukum and Ivanov [1994] derived a higher age of 3.84 Ga.
[56] The beginning of the Eratosthenian period is constrained by ages of basalts collected at the Apollo 12 landing site which yield ages ranging from 3.15 to 3.22 Ga on which Eratosthenes ejecta are superimposed [Shoemaker et al., 1962; Stöffler and Ryder, 2001; Hiesinger and Head, 2006] . Thus, crater Eratosthenes is not the base horizon but is interpreted as an early Eratosthenian stratigraphic marker [Wilhelms, 1987] . There is a general agreement between various groups of investigators that the Eratosthenian period began 3.2 Ga ago [Wilhelms, 1987; Neukum and Ivanov, 1994; Stöffler and Ryder, 2001] .
[57] The ray crater Copernicus could be dated with samples taken at the Apollo 12 landing site which is crossed by a ray interpreted as Copernicus ejecta [Wilhelms, 1987; Stöffler and Ryder, 2001] . Some doubt has been raised that Copernicus is the source of these ejecta [Wilhelms, 1987, and references therein] . Radiometric dating of these materials suggest a possible age of 0.8-0.85 ± 0.02 Ga for Copernicus [Stöffler and Ryder, 2001 , and references therein]. A much higher age for Copernicus is obtained from crater counts, 1.1 Ga [Wilhelms, 1987] to 1.5 Ga [Neukum and Ivanov, 1994] , and these ages are associated with the beginning of the Copernican period. As is the case of Eratosthenes, crater Copernicus is not the base horizon but represents a stratigraphic marker for the early Copernican period [Wilhelms, 1987] .
[58] A further complication introduced into the correlation of radiometric data with crater frequencies is the idea of the so-called lunar cataclysm which was suggested for the first time by Tera et al. [1974] . Such a cataclysm was inferred from the fact that most radiometric ages of the Apollo rock samples seem to cluster about the time when the Imbrium basin was formed, 3.85-3.9 Ga ago. These authors concluded that this range of ages represented a strong peak in the impact rate which occurred at about that time, rather than the impactor flux decaying smoothly and exponentially since 4.5 Ga. According to this view, most of the large basins on the Moon were created roughly within 100 Ma or so. Despite the fact that the cataclysm issue has not yet been fully solved (see, e.g., discussions by Hartmann et al.
[2000] and Solomon and Head [2007] ), several authors [e. g., Neukum, 1983; Hartmann, 2002] , and recently Baldwin [2006] , presented robust lines of evidence that such a cataclysm most likely has not occurred.
[59] Therefore, we do not adopt the idea of a lunar cataclysm for the interpretation of our age data.
[60] The various chronologies discussed above are summarized in Table 1 . In order to be consistent with arguments given in our previous paper [Wagner et al., 2002] , and for comparable reasons cited by Hiesinger et al. [2003] , we will use the chronologic system by Neukum [1983] and Neukum and Ivanov [1994] . For each unit, its time-stratigraphic and chronologic classification can be modified using Table 1 . For example, a unit dated with a model age of 3.88 Ga would be assigned to the (early) Imbrian period in this paper according to Neukum and Ivanov [1994] , but would be classified as a unit created in the Nectarian period according to Wilhelms [1987] and Stöffler and Ryder [2001] .
[61] Taking into account all possible uncertainties inherent (1) in the crater size-frequency measurement procedure, (2) in radiometric dating of rock samples and (3) in the derivation of the lunar cratering chronology model [see, e.g., Arvidson et al., 1979; Neukum and Ivanov, 1994; Wagner et al., 2002; Hiesinger et al., 2000 Hiesinger et al., , 2003 , the uncertainties in cratering model ages are on the order of 20 to 30 Ma in the time prior to about 3.3 Ga, where the cratering rate decayed exponentially. For the time period since about 3.0-3.3 Ga, model age uncertainties can amount up to 100 to even 500 Ma, since there is only a minor change of crater frequency with time, resulting in a very low age resolution.
Secondary Cratering Issue: Are Model Ages Measured at Small Crater Sizes Reliable?
[62] Craters produced by material ejected during a major impact event on a planetary surface are termed secondary craters [e.g., Melosh, 1989] . This type of crater does not reflect the impactor size distribution and is not correlated to the impact and cratering rate, therefore must be excluded from crater counts. Generally, secondary craters can be distinguished by characteristic morphologic features. (1) Their outline is preferentially noncircular, polygonal or irregular [Pike, 1980] . (2) They are topographically shallower than primaries [Pike, 1980] . (3) Secondaries form clusters with herringbone or V-shape patterns [Oberbeck and Morrison, 1973; Melosh, 1989] . (4) The majority of secondaries consist of smaller, subkilometer craters but their diameters can be up to several tens of kilometers, created by large blocks ejected during prominent basin impact events, such as Imbrium or Orientale [Wilhems, 1976; Wilhelms et al., 1978] . For all these cases the distinction between primaries and secondaries is straightforward. This type of secondaries can be geologically mapped and thus be excluded from crater counts. Material creating secondary craters, however, can also travel large distances over a planetary surface before reimpacting and thus could have formed craters indistinguishable from primaries. In publications on lunar crater frequency distributions dating back to the time prior to Apollo, the idea of these so-called background secondaries has been raised, meaning that crater frequencies and their steep (cumulative) distribution of about −3 and higher at small crater sizes is more or less dominated by secondary craters [e.g., Shoemaker, 1965] .
[63] In some papers published recently, this issue has been brought up again [e.g., Bierhaus et al., 2000a Bierhaus et al., , 2000b McEwen et al., 2003 McEwen et al., , 2005 . Bierhaus et al. [2000a Bierhaus et al. [ , 2000b examined images of the Galilean satellites Callisto and Europa returned by the SSI camera during the Galileo Orbiter Tour in the Jovian system between 1996 and 2003. Europa displays a lightly cratered surface dominated by tectonic features whose largest crater has a nominal crater rim diameter of only ∼ 47 km [Turtle et al., 1999] . There are no larger impact structures or basins on this moon, therefore the surface is relatively young compared to the densely cratered units on the two Galilean satellites Ganymede or Callisto [e.g., Neukum, 1997; Neukum et al., 1998; Schenk et al., 2004] . Bierhaus et al. [2000b Bierhaus et al. [ , 2004 Bierhaus et al. [ , 2005 concluded that most of the small craters on the Jovian moon Europa and also on inner solar system bodies were created by material ejected during the impact events which created the larger primary craters. Based on their results, they raised doubts that the majority of small craters on other planetary or satellite surfaces were primaries and instead should be secondaries produced by major primary impact events.
[64] Upon examination of Mars Orbiter Camera (MOC) images from the rayed crater Zunil on Mars and its surroundings, McEwen et al. [2003 McEwen et al. [ , 2005 came to the conclusion that the number of secondaries produced by Zunilsized craters would exceed the number of small primary craters at sizes smaller than 1 km or so by several orders of magnitude. They questioned the reliability of crater counts Deutsch and Stöffler [1987] . Absolute ages are given in Ga. b Italic font represents epochs.
and age determinations at crater sizes smaller than 1 km. Since their arguments and those presented by Bierhaus et al. [2004 Bierhaus et al. [ , 2005 would affect all size-frequency measurements carried out on high spatial resolution imagery, we briefly review several lines of evidence, discussed in detail by Werner [2006] and Werner et al. [2006] , that (1) the steep distribution of about −3 to −3.5 at small crater sizes is due to primary craters preferentially and (2) counting craters at subkilometer sizes remains a reliable tool in planetary chronology.
[65] A very robust argument that the steep distribution of small craters was preferentially caused by small primary projectiles was inferred from the presence of small craters on asteroids in the Main Belt, the source region of impactors on inner solar system planets and moons. The first asteroid surfaces ever captured on images were those of 951 Gaspra and 243 Ida during the close flybys of the Galileo spacecraft en route to Jupiter in 1991 and 1992 [Belton et al., 1992 [Belton et al., , 1994b . Since the average surface gravity on these irregularly shaped bodies is extremely low, material ejected upon an impact will not fall back to the surface to create secondary craters. Neukum and Ivanov [1994] used this fact, based on crater counts on these two bodies, to corroborate that small craters, and therefore a steep cumulative distribution, were caused by the preferential impacts of small primary projectiles. On Ida, craters below a diameter of 1 km show a −2 equilibrium distribution while craters above this size are still in production [Chapman et al., 1996a] . The high crater frequency on this asteroid reflects a high surface age, most likely on the order of 2 Ga [Chapman et al., 1996a] . On Gaspra, contrarily, the crater frequency is much lower and steep down to the smallest measurable crater sizes, implying a production function on this body and a cratering model age of about 200 Ma, reflecting the time when Gaspra was created by the disruption of a larger parent body [Neukum and Ivanov, 1994; Chapman et al., 1996b] .
[66] Chapman et al. [1996b] discussed the possibility that the steep crater distribution observed on Gaspra was created by a single, more recent (on the order of 100 Ma) impact event while the true crater distribution reflecting the impactor size distribution has a much shallower (less than ∼ −3) cumulative slope. Recently, Bottke et al. [2007] tried to strengthen this argument of two different crater distributions to be found on Gaspra: one with a steep cumulative slope for fresh craters, reflecting a young resurfacing event, and one with a much shallower slope for more degraded, older craters, indicative of the original production distribution in the asteroid belt, including crater distributions measured on Ida, Mathilde, and Eros. This model neglects two important facts: First, a steep distribution on Gaspra was measured including craters of all degradational states accumulated since the time when Gaspra was created [Neukum and Ivanov, 1994] , and second, a −2-equilibrium distribution as the one observed for subkilometer craters on Ida [Neukum and Ivanov, 1994] can only be established over time if the original production function had a cumulative slope more negative (i.e., steeper) than −2 [Neukum and Dietzel, 1971; Chapman and McKinnon, 1986] . Therefore the steep distribution on Gaspra at small sizes provides conclusive evidence for a steep size distribution of small impactors in the asteroid Main Belt. Furthermore, asteroid observation programs showed that the size distribution of near-Earth asteroids (NEA) responsible for cratering the Earth and Moon have a size distribution more or less similar to lunar crater size distributions, supporting a steep branch at small crater sizes due to asteroidal primary projectiles [Werner et al., 2002] .
[67] That small primary craters still form at recent times on planetary surfaces could also be verified in a number of cases.
[68] 1. On Earth, fireballs hitting the atmosphere are observed, and their occurrence and energies can be recalculated to lunar impact conditions. Within a factor of 2, their size-frequency distribution is consistent with the lunar crater size-frequency distribution at small crater sizes [Ivanov, 2006] .
[69] 2. On Mars, imaging the same surface area several times within 20 years proved that small primary craters had formed in the meantime [Malin et al., 2006] . The impact and related cratering rate derived from the number of these craters agree within a factor of about 2-3 with the rates given in the model by Hartmann and Neukum [2001] . Thus, the argument by McEwen et al. [2003, 2005] that small craters are preferentially secondaries can be rejected because the present-day formation rate of primary craters can be documented by planetary imagery.
[70] That secondary craters would significantly impede age dating by crater counts could be excluded by measuring the crater frequencies near large craters, including secondary chains and clusters. For lunar and Martian crater distributions, König [1977] and more recently Werner [2006] have demonstrated that the error in age by erroneously counting secondary craters is less than a factor of 2 (more precisely: in crater frequency at a given reference diameter). Hartmann [2005 Hartmann [ , 2007 and Hartmann et al. [2008] concluded that, after excluding all obvious secondaries from counting craters superimposed on a specific geologic unit, the measured crater distribution might contain an admixture of secondaries but these are "part of the signal" which would not significantly affect the age extracted from such a count.
[71] Finally, Werner [2006] , Werner et al. [2006] , and Neukum et al. [2006] discussed the effects of a hypothetical secondary crater distribution with various cumulative slopes. They found that in distributions measured at sizes larger than 5 km an admixture of secondaries can be neglected, with the exception of basin-forming impacts where large secondary craters up to 20 km can form [Neukum, 1983] . At crater sizes smaller than 1 km, which is the diameter range used for the counts presented in this work, the percentage of secondaries in a crater size-frequency measurement is less than 5% which would not have a significant effect on ages. Taking all these facts into consideration, it is obvious that secondaries do not present a serious problem in dating geologic units via crater counts. Therefore the results discussed in this paper are deemed reliable.
Description of Map Units and the Geologic History of the Hansteen Region
[72] The time-stratigraphic units mapped and dated in the Hansteen region are shown in a geologic map and a correlation chart in Figures 7a and 7b . Cumulative crater frequencies for a crater diameter of 1 km, reflecting the relative age of the unit, and cratering model ages, obtained for the sum of all individual areas of measurement, are listed in Table 2 . Some of the units are characterized by two ages suggesting at least one event of resurfacing. For these units, both ages are given in Table 2 . The correlation chart in Figure 7b qualitatively reflects the ranges of model ages measured in individual areas of measurements of each unit.
Terra Materials in the Hansteen Region
[73] Six measurement areas of terra materials of the rock-stratigraphic type shown in Figure 5 (area 2) range in ages from (late) Nectarian to late Imbrian. These areas were combined to an undivided terra material unit INt in Figures 7a and 7b which could encompass a variety of terra materials with different origins. The unit is characterized by an older model age of 3.91 Ga (Table 2) , with a range from 4 Ga to 3.85 Ga. Resurfacing event ages in the individual areas range from 3.84 Ga to 3.75 Ga (3.81 Ga for the sum, as shown in Table 2 ). Unit INt could be associated with cryptomaria which were spectrally identified in southwestern Oceanus Procellarum and Humorum basin [Hawke et al., 1993; Mustard and Head, 1996] . [74] Four areas of the rock-stratigraphic material shown in Figure 5 (area 1) were mapped as unit Ihf, hilly and furrowed materials (Figures 7a and 7b ) and subdivided into two time-stratigraphic units. These units broadly correspond to map unit hilly and furrowed terrain, Ihf, by Wilhelms and McCauley [1971] , McCauley [1973] , and Wilshire [1973] .
[75] The oldest one of these units, Ihf 1 , is located in the south of the mapping area. The cratering model age is 3.91 Ga (Table 2 ). This age is in good agreement with the age for the Imbrium event by Neukum and Ivanov [1994] . Unit Ihf 1 could be dominated by Imbrium basin ejecta.
[76] A younger variety, Ihf 2 , with a model age of 3.77 Ga (Table 2) , occurs in two larger and one smaller areas south Figures 7a and 7b . In order to be more easily readable, cumulative crater frequencies, N cum (D ≥ 1 km) (x), and their uncertainties (y), representing the relative age of each unit, are given in the form x ± y E-n rather than x ± y × 10 −n [see, e.g., Hiesinger et al., 2003] . Generally, individual areas of measurement of one unit have some range in ages (see text for discussion). Model ages listed in this table were obtained by summing up individual areas of measurement and dating the sum of the areas (except of unit Em and of the crater materials Isc, Ihfl, Ihc, and Ibc which were dated in only one area). Two ages in a unit indicate that at least one resurfacing event has affected its crater frequency. For assigning a specific unit to the Nectarian, Imbrian, or Eratosthenian system (period), we used the impact event ages by Neukum and Ivanov [1994] and east of crater Billy. The ages in these areas range from 3.81 to 3.71 Ga. This unit is similar to Ihf 1 and of the same rock-stratigraphic type, as shown in Figure 5 (area 1), but appears less rugged than the older variety. Its younger ages indicate that it was created subsequent to the Imbrium event. The area of Ihf 2 located east of crater Billy with a model age of 3.81 Ga most likely is material of the continuous ejecta blanket of 119 km Letronne, which is considered as a postImbrium impact crater [Wilhelms and McCauley, 1971; Wilhelms, 1987] . The cumulative crater frequency and the cratering model age for this area of unit Ihf 2 are shown in Figure 8a . The crater frequency and the model age of 3.81 Ga in this area could reflect the age of the Letronne impact event and thus would confirm the stratigraphic position of Letronne in the Imbrian system (unit Ic 1 ) by Wilhelms and McCauley [1971] . Craters smaller than approximately 1.4 km were affected by processes of erosion and degradation along slopes in the hilly and furrowed terrain, as indicated by the flat distribution for crater sizes < 1.4 km in Figure 8a . The area of Ihf 2 south of Billy with a model age of 3.71 Ga (not shown in Figure 8a ) is also characterized by a comparably flat distribution making it difficult to fit an exact age. Using the larger craters for the fit produces a model age similar to the one of the area east of Billy (3.81 Ga), in good agreement with the proposed age of the Letronne impact event.
Mare Materials in the Hansteen Region
[77] Mare materials in the Hansteen region could be classified into three time-stratigraphic units according to our crater counts. The oldest of these units, mapped as INm, shows a Nectarian model age of 3.93 Ga, with a resurfacing event in the Imbrian at 3.86 Ga (Table 2 and Figures 7a and   7b ). This unit is closely associated with unit INt which has a similar age. Volcanic activity could have been connected to processes forming the cryptomaria observed in this area [Hawke et al., 1993; Mustard and Head, 1996] .
[78] Most of the mare materials in the Hansteen region are of late Imbrian age. Several mare areas of Oceanus Procellarum about crater Billy and the dome Hansteen a as well as smaller mare patches within highlands and degraded craters, such as Zupus, were combined into time-stratigraphic unit Im (Figures 7a and 7b ). The cratering model age of the sum of these areas is 3.51 Ga (Table 2) , with a range in model ages of the individual areas from 3.67 Ga to 3.35 Ga (the latter being a resurfacing event in a mare area with a model age of 3. 67 Ga) . No magmatic event has been recorded in the mapping area between 3.86 Ga (resurfacing event in unit INm) and 3.67 Ga (oldest area of unit Im). An age of 3.48 Ga measured in the mare patch within crater Hansteen also falls within this range, but crater statistics on this small area of measurement are not very reliable. Bad statistics in a small area may also be the cause for the much older (Nectarian) age of 3.97 Ga in this mare patch which is in conflict with the lower Imbrian age of crater Hansteen (see section 6.4).
[79] The youngest mare material in the Hansteen region was dated on the floor of crater Billy by Hiesinger et al. [2003] . The cratering model age is 1.65 Ga (Table 2) . This unit was classified as an Eratosthenian mare unit, Em, and was emplaced a long time after the formation of the crater Billy itself (see section 6.4).
[80] In the older USGS geologic maps discussed in section 4.3.1, mare materials were placed into either the Imbrian or Eratosthenian system [Eggleton, 1965 ; Trask and Titley, 1966; Titley, 1967; McCauley, 1973; Wilshire, 1973] . By using crater counts, we could exclude an Eratosthenian age for most of them, except for the lava fill on the floor of crater Billy measured by Hiesinger et al. [2003] . In the spectral analysis and crater counts carried out by these authors, cratering model ages obtained for their spectral unit P24 which covers all mare areas we mapped in the Hansteen region are 3.74 Ga and 3 Ga. The older of the two ages is in good agreement with our results and our assignment of most mare materials into late Imbrian. Unit P24, however, covers a much larger area than the mare units in our mapping area which could explain the additional younger Eratosthenian age of 3 Ga documented by Hiesinger et al. [2003] which is not found in our measurements.
[81] Figure 8b shows the cumulative size-frequency distributions of mare units Im and Em, the dome Hansteen a (unit Ihd) and the continuous ejecta of crater Billy (unit Ibc) in comparison which emphasizes the stratigraphic sequence from crater Billy (oldest) to the Hansteen dome (formed after Billy) and the two Imbrian and Eratosthenian mare units (the latter taken from Hiesinger et al. [2003] ).
Volcanic Dome Material in the Hansteen Region
[82] The volcanic dome Hansteen a is the only red spot in the Hansteen region. The image resolution of the Lunar Orbiter image did not allow specific geologic mapping of this feature. Only two small areas on the more or less flat summit region could be discerned. Measuring the superimposed crater frequency, carefully avoiding counting volcanic, crater-like features, yielded two statistically reliable crater distributions, with cratering model ages of 3.74 and 3.56 Ga, respectively, and a model age of 3.67 for the sum of these two areas (Table 2 ). Based on these ages, we can reject an Eratosthenian or even Copernican age for the dome, as suggested by McCauley [1973] . Based on optical maturity, Hawke et al. [2003] also ruled out a Copernican age for the dome. Hansteen a clearly predates the surrounding mare materials, supported by a cratering model age of 3.51 Ga for mare material unit Im surrounding the dome which confirms earlier results by Wood and Head [1975] . Figure 8b shows a cumulative diagram which compares the crater distributions measured on the dome with crater distributions of the Billy ejecta and of younger mare materials. Compared to the ages of the two Gruithuisen domes of 3.85-3.7 Ga [Wagner et al., 2002] , Hansteen a is somewhat younger but still of late Imbrian age. The younger age of 3.56 Ga measured on its summit could be connected to active mare volcanism between 3.5 and 3.6 Ga documented in unit Im.
Crater Materials in the Hansteen Region
[83] Three craters in the Hansteen region could be dated with crater statistics: Billy, Hansteen, and Mersenius S. Billy could be placed into the early Imbrian epoch. Crater statistics on the continuous ejecta, unit Ibc, which for the most part are embayed by mare materials of unit Im, could be used to derive a model age of 3.88 Ga (Figures 7a and 7b and Table 2 ). This is in agreement with an Imbrian age assigned to this crater by McCauley [1973] .
[84] Interpreting the crater statistics for the crater Hansteen is more difficult. One model age of 3.87 Ga, obtained from a measurement on the continuous ejecta (Figures 7a   and 7b and Table 2 ), is statistically not very reliable. Based on this early Imbrian age we mapped the ejecta as unit Ihc. A second model age of 3.57 Ga, measured in the ejecta, is also not very well reliable. The flat distribution at sizes below 2 km crater diameter suggests ongoing erosion or removal of craters along slopes. Measurements on the tectonically altered floor material are also characterized by less reliable statistics due to a rather flat distribution. Two ages were measured on the floor, mapped as unit Ihfl: a higher one of 3.75 Ga (Table 2 ) and younger at 3.54 Ga. Both ages could record tectonic resurfacing of the crater floor subsequent to the crater formation. An Imbrian age for the crater, based on the 3.87 Ga measured in its ejecta, is in agreement with results by McCauley [1973] .
[85] By measuring the crater distribution superimposed on the continuous ejecta of crater Mersenius S we could derive a late Imbrian age of 3.61 Ga for this crater and mapped it as unit Isc. We could not confirm the Copernican age for this crater suggested by Titley [1967] . This crater appears to be significantly older.
Description of Map Units and Geologic History of the Helmet Region
[86] In the Helmet region, terra materials could not be dated by crater size-frequency measurements because of the low image quality (overexposure or underexposure). Material units dated in this area preferentially are (1) mare materials, (2) plains materials, and (3) crater materials. For some mare areas, dating with crater counts was also not possible because of underexposure. The geologic maps based on Lunar Orbiter and on the high-resolution Apollo Hasselblad frame Ap16-19128 and the correlation chart of map units are shown in Figures 9a-9c . Cumulative frequency diagrams of selected units are given in Figures 10a-10c . Ranges of cratering model ages for the Helmet region are listed in Table 3 .
Mare Materials in the Helmet Region
[87] The spatially most abundant mare material unit measured in Lunar Orbiter IV shows an average cratering model age of 3.45 Ga and was mapped as unit Im 1 (Figures 9a  and 9c ). There is some range in ages between individual areas of measurement of this unit from 3.54 to 3.37 Ga, but most of the counting areas have ages of about 3.4-3.45 Ga. Hence, mare materials in the Helmet region were preferentially emplaced in late Imbrian. Locally, older ages ranging from 3.87 to 3.69 Ga indicating older (early Imbrian) mare emplacement can be found.
[88] In the spectral analysis carried out by Hiesinger et al. [2003] , mare unit Im 1 is a part of their spectral class P17 in the area surrounding the Helmet feature while the northern part of this unit in our mapping area near Montes Riphaeus (approximately north of an east-west trending boundary at crater Norman (Figure 3) ), as well as the area northward of Gassendi and Gassendi A, was classified as spectral unit P27 (see sections 4.3.1 and 4.3.2 and Hiesinger et al. [2003] for a more detailed description). However, we could not confirm the comparably younger age of 3.32 Ga measured by Hiesinger et al. [2003] in an area northwest of the Helmet feature. Also, the Eratosthenian age of 2.96 Ga measured in spectral class P27 by Hiesinger et al. [2003] could not be confirmed in our data but this age was obtained in frame LO IV 132 H3, further to the north outside our mapping area.
[89] Two comparably small mare patches south of crater Darney C are younger with an average model age of 3.27 Ga. This younger variety was mapped as unit Im 2 . The unit could also be mapped and dated in the higher-resolution Apollo 16 Hasselblad frame (Figure 9b ) with an age of 3.28 Ga. Most of this area is located within an unmappable part in frame LO IV 132 H2 (see Figure 9a) .
[90] Extrusion of mare materials in the Helmet region continued into the Eratosthenian period. In LO IV, however, only one area could be measured with a distinct Eratosthenian age. This area is located west of crater Darney C, has a slightly higher albedo than other mare areas but the boundary between darker mare and this variety is not very sharp. Its northern boundary is marked by an approximately NE-SW trending wrinkle ridge. The cratering model age of this unit Em is 3.04 Ga (Table 3) .
[91] Several counting areas on the Apollo 16 Hasselblad frame also show Eratosthenian ages and could be mapped as unit Em, with an average of 2.36 Ga (Table 3) . There is some range in ages from 3.06 Ga to 1.91 Ga which is the youngest mare unit found in the Helmet area. In Figure 10a , a cumulative diagram gives the range in mare ages in the Helmet region, with a distribution and ages of 3.69 and 3.47 Ga, representing a counting area of unit Im 1 measured in LO IV, and a distribution with the youngest mare age of 1.91 Ga, measured in Apollo 16 data. The reason for the inconsistency in ages between measurements in LO IV data and in the higher-resolution Apollo 16 data most likely is due to the fact that the higher-resolution images allow to measure local resurfacing events which cannot be resolved in the LO IV data. Mapping and crater counts in more high-resolution data, such as, e.g., from Lunar Reconnaissance Orbiter (LRO), are needed to verify if the mare material unit mapped as Im 1 shows mare emplacement events into, and during, the Eratosthenian period on a local scale while the context mare material unit is mostly late Imbrian.
[92] The intermediate mare plains mapped by Bruno et al. [1991] in the Helmet region could be dated and mapped as early Imbrian unit Imi, showing an older age of 3.70 Ga and a younger resurfacing age of 3.37 Ga (Figures 9b and 9c and Table 3 ). The younger age of 3.37 is comparable to the lower limit given above for unit Im 1 and could be related to mare emplacement forming this unit in late Imbrian. Bruno et al. [1991] discussed a resurfacing process which involves the emplacement of a thin layer of mare basalt on a light plains unit which then is altered by meteorite bombardment, causing the vertical mixing of light plains material and mare basalt. However, it seems questionable that this process is visible in the crater distribution since the resurfacing event documented in the distribution affected craters at least as large as 400 m and smaller, hence would need a much thicker layer of mare material.
Plains Materials and Related Units of the Helmet Region
[93] Darney c is a light plains unit. Measuring craters on this feature is difficult because of the small area, yielding a low statistical certainty. The cratering model age derived from measurements on this feature is 3.94 Ga, placing Darney c into the Nectarian period (pre-Nectarian according to the chronology by Wilhelms [1987] ; see Table 1 ). Based on the crater counts, the unit was mapped as Np, Nectarian plains material, but poor statistics have to be taken into account. The cumulative diagram of this oldest unit in the Helmet region in comparison to a set of younger plains and mare materials as well as hummocky deposits is shown in Figure 10c . [94] The measurement on the Helmet red spot in the Lunar Orbiter images is concentrated on the characteristic Helmetshaped feature itself, except for the two massifs Herigonius p and h, which are poorly resolved in these data. The counting area, as shown in the geologic map in Figure 9a , comprises mostly light plains and hummocky terrain units [Bruno et al., 1991] but was mapped as an undivided plains unit for our counts. Elongated, presumably secondary craters were not included in the crater measurement. Two model ages were derived for this area: an older age of 3.80 Ga, and a younger resurfacing age of 3.61 Ga (Table 3) . Based on these ages, the time-stratigraphic position of the Helmet light plains, undivided (unit Ipu), is upper (late) Imbrian. The crater distribution and the model age of unit Ipu is shown in Figure 10b (in comparison with unit EIlp, description see below) and in Figure 10c , comparing different units of the Helmet region.
[95] Several areas of the unit mapped as light plains by Bruno et al. [1991] were counted on the Apollo 16 Hasselblad image (Figure 9b ). We could derive an age of 3.62 Ga (Table 3) , confirming the resurfacing event also documented in unit Ipu. In addition, an even younger resurfacing event with an Eratosthenian age of 2.08 Ga could be obtained (Table 3 ). The cumulative crater frequency diagram of this unit EIlp in the context of Iup and all cratering model ages obtained in these two units are shown in Figure 10b . It remains an open question, if the resurfacing events documented in our crater measurements involved highland volcanism active for a long period of time, or if the light plains were formed and resurfaced by other processes, such as impact basins and craters.
[96] The two massifs Herigonius p and h could not be dated with crater counts. The summit regions are not flat and of sufficient size and therefore could not accumulate a significant number of small impact craters. Most of the craters are lost due to mass wasting processes along the steep slopes of the domes. As described earlier (see section 4.5.2), Wilhelms and McCauley [1971] mapped the northern massif Herigonius h as a dome of Imbrian age, possibly volcanic in origin (unit Id). Their assignment of an Imbrian age to this massif or dome is in agreement with our cratering model ages for units Iup and EIlp. Due to the low image quality of the Lunar Orbiter data, it was also not possible to derive a reliable crater size-frequency measurement on the southern Montes Riphaeus red spot.
[97] The youngest unit in the Helmet region is the hummocky material (terrain) unit identified by Bruno et al. [1991] . According to our cratering model age of 0.81 Ga, these hummocky deposits possibly originating from mass wasting processes could be assigned a Copernican age and were mapped as unit Ch. The cumulative frequency of this unit is shown in Figure 10c , in comparison with units Np, Ipu and Im 2 , documenting the stratigraphic sequence from the oldest to the youngest event in the Helmet region. Table 2. b Eratosthenian mare unit Em was split into those measured on the Apollo 16 Hasselblad image (Em 1) and one unit measured in LO IV data (Em 2) because they significantly differ in cratering model age.
ify that Hansteen a was formed after Billy, since the summit region is not covered by Billy ejecta . Also, the dome seems to postdate crater Hansteen (unit Ihc), which shows a not very well constrained model age of 3.87 Ga.
[104] There is a wide range in model ages measured in the mare materials of the Hansteen region, from early Imbrian/ Nectarian (unit INm, 3.93 Ga) and Imbrian (unit Im, 3.51 Ga) to Eratosthenian on the floor of crater Billy (unit Em, 1.65 Ga; age for this latter unit measured by Hiesinger et al. [2003] ). Most of the mare materials (unit Im) have model ages of about 3.6 to 3.5 Ga, postdating Hansteen a. Viscous volcanism in connection with the Hansteen dome was active when the oldest mare materials were emplaced but was declining at the time of extensive mare volcanism activity in this area.
[105] In the Helmet region, Darney c (unit Np) could represent the oldest documented event of possible highland volcanism with an age 3.94 Ga. The light plains of the Helmet feature show a late Imbrian age of 3.80 Ga with several resurfacing events at 3.62 Ga and 2.08 Ga. Whether the Helmet light plains (units Ipu, EIlp) were formed by highland volcanism in the late Imbrian or represent highland material created in a basin-forming impact (Imbrium, Orientale) remains unclear.
[106] Most of the materials in the Helmet region were emplaced in late Imbrian with an average age of 3.45 Ga, but show a range of ages from 3.87 Ga to 1.91 Ga. Eratosthenian ages were preferentially measured in the higherresolution Apollo 16 Hasselblad image and most likely represent local effects not measurable at lower resolution.
[107] Gassendi and Gassendi A are both late Imbrian craters with model ages of 3.82 Ga (Gassendi) and 3.74 Ga (Gassendi A) . An Eratosthenian or even Copernican age for Gassendi A as suggested by Marshall [1963] or Titley [1967] could be rejected.
[108] Further study in these two areas using imaging and spectral data at high resolution from spacecraft currently in orbit around the moon, such as LRO, is required to answer open questions, such as (1) the extent of local resurfacing by younger (Eratosthenian) mare materials, (2) verification of the origin of light plains associated with red spots (highland volcanism versus impact), or (3) the cause of resurfacing events from Imbrian into Eratosthenian documented on the Helmet light plains.
